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Abstract— An analysis of a dual active
bridge (DAB) converter under soft-switching
mode in the whole operating range is presented
in this paper. A detailed study of the impact of
the transformer magnetizing inductance, LM ,
and snubber capacitance, Cxx, parameters on
the soft-switching regions is carried out to ob-
tain some design considerations. Simulation
and experimental results which validate the
theoretical analysis are also presented.
Keywords— dc-dc converters, dual active
bridge converter, soft switching, modulation
strategy.
I. INTRODUCTION
The dual active bridge (DAB) converter is suitable for
applications that require high-power isolated DC-DC
converters (Ionue and Akagi, 2007). The main charac-
teristics of the DAB converter are high power density,
operation under soft-switching mode and bidirectional
and simple power flow control (DeDoncker et al., 1991;
Xie et al., 2010). The DAB converter operating char-
acteristics as well as a comparison with other topolo-
gies can be found in Steigerwald et al. (1996), Tao et
al. (2008) and, Krismer and Kolar (2010).
For those applications that require a wide voltage
ratio, as for instance energy storage systems, fuel cells,
photovoltaic applications, etc. (Wang et al., 2007; Ca-
mara et al., 2010), the DAB converter is an interesting
option but it presents a reduced soft-switching oper-
ating range limited to high output currents when the
conventional modulation strategy (CMS) is used (In-
oue and Akagi, 2007).
In Kheraluwala et al. (1992) it is considered the
effects of the transformer magnetizing inductance and
snubber capacitance on the operation of the DAB con-
verter, concluding that these parameters significantly
affect the soft-switching region.
In order to extend the operation range under soft-
switching mode different modulation strategies are
proposed (Oggier et al., 2006 and Jain and Ayyanar,
2008).
In Oggier et al. (2011) a new modulation strat-
egy (NMS) to operate the DAB converter under soft-
switching in the whole operating range and minimize
the reactive power to reduce the conduction losses was
proposed.
In this paper a similar analysis is presented but in-
cluding the transformer magnetizing inductance and
the snubber capacitance parameters . This analysis
allows establishing guidelines for sizing these parame-
ters in order to allow the DAB converter to operate un-
der soft-switching mode in the whole operating range.
Simulation and experimental results are included to
validate the analysis.
The paper is organized as follows. Section I con-
tains an introduction. Section II presents a power flow
analysis using the NMS. The converter operation un-
der soft-switching mode in its whole operation range
is analyzed in Section III. The same section also con-
tains guidelines for sizing the transformer magnetizing
inductance and snubber capacitance. Simulation and
experimental results are given in Section IV. Finally,
conclusions are drawn in Section V.
II. POWER FLOW ANALYSIS
A complete analysis of the operation of the DAB con-
verter using CMS can be found in Kheraluwala et al.
(1992); DeDoncker et al. (1991) and Inoue and Akagi
(2007). This Section presents a power flow analysis
using the NMS.
A. Modulation Strategy
The NMS consists of driving the bridge with the
largest dc voltage to generate a three-level PWM volt-
age waveform while the other bridge generates a con-
stant frequency voltage square waveform with 50%
duty cycle (Oggier et al., 2006; Oggier et al., 2009).
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Figure 1: DAB converter simplified scheme.
The direction of the required output power can be con-
trolled by manipulating the phase-shift, δ, between the
voltages of the transformer terminals, vT1 and vT2,
and the modulation index, m, applied to the bridge
which is fed with the largest dc voltage.
The analysis presented in this paper considers the
influence of the transformer magnetizing inductance
on the operation of the DAB converter when the NMS
is used. Figure 1 shows an equivalent circuit referred to
the primary side of the converter. The high-frequency
transformer was modeled by using an equivalent T
model, with leakage inductance split equally on each
side of the finite magnetizing inductance. Winding
resistances are considered negligible. Let the magne-
tizing inductance be LM = KL, where L is the total
leakage inductance and 1 ≤ K ≤ ∞, expressing the
extreme values for the magnetizing inductance. In or-
der to simplify the analysis, the transformer turns ra-
tio will be considered hereinafter equal to 1 and the
value of K will be constant when the core of the high-
frequency transformer is not saturated.
Figures 2(a) and 2(b) show the ideal waveforms for
the DAB converter operating at V1 > V2 (buck mode),
power flowing from V1 to V2 and K < ∞. Bridge B1
is driven to modulate vT1 and two particular cases are
shown: δ ≥ 0◦ and δ < 0◦. In these Figures, δ is the
phase shift between vT1 and vT2, β1 and β2 correspond
to current zero crossings iT1 and iT2, respectively, α
is the angle at which iT1 reaches its maximum value,
and τ is the width of the pulse generated by the bridge
fed with the largest dc voltage ( τ = pi for the CMS).
Figures 2(c) and 2(d) show similar information for
the DAB converter operation for V1 < V2 (boost
mode), now B2 is driven to modulate vT2. In this
operating mode α is the angle at which iT2 reaches its
maximum value.
All the cases shown in Fig. 2 correspond to the DAB
converter operating under ZVS soft-switching mode
(Bellar et al., 1998) and they are used to determine
the DAB converter soft-switching constraints.
B. Converter output power
In this Subsection, the DAB converter output power is
analyzed in order to obtain the expressions to obtain
the output power.
Let us consider the simplified model shown in Fig.
1, the currents iT1 e iT2 can be expressed as
diT1
dθ
= K1vT1 (θ)−K2vT2 (θ) (1)
diT2
dθ
= K2vT1 (θ)−K1vT2 (θ) (2)
where θ = ωt, ω = 2pifs, fs is the switching fre-
quency, K1 = (1 + 1/ (2K)) / (ωL (1 + 1/ (4K))) and
K2 = 1/ (ωL (1 + 1/ (4K))).
By solving iT1 and iT2 in (1) and (2) for each oper-
ation mode and switching intervals defined in the Fig.
2(a) y Fig. 2(b) for the buck mode, the expressions
shown in Table 1 can be obtained, where α = τ and
α = pi − τ + δ for buck and boost operation mode,
respectively.
The DAB converter average output power can be
obtained, for both buck and boost operating modes
by solving the following expression
Px =
1
pi
∫ pi
0
vTx (θ) iTx (θ) dθ (3)
where x = 1 or 2 corresponding to bridge 1 or 2, re-
spectively.
By solving (3), the following expressions can be ob-
tained as a function of the feeding voltage, V1, for
δ ≥ 0◦
P0 =
V 21 K2d
(
2δmpi − 2δ2 − (mpi)2 +mpi2
)
2pi
(4)
and for δ < 0◦
P0 =
V1
2dmK2 (pi + 2δ −mpi)
2
, (5)
where d is the DAB voltage conversion ratio, V2/V1, m
is the modulation index of the corresponding bridge,
defined as m = τ/pi (Oggier et al., 2006).
Equations (4) and (5) are valid for both buck and
boost operation modes. It can be deduced from these
expressions that the output power can be controlled
by manipulating both variables: δ and m.
From (4) and (5) it can be determine the following
expression to calculate δ as function of the power flow
to be transferred as follows:
For δ ≥ 0◦
δ =
mpi
2
−
√
−K2dpi (V 21 dpiK2m (m− 2) + 4P0)
2K2dV1
(6)
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Figure 2: Ideal voltages and current waveforms for K <∞: (a) buck mode for δ ≥ 0◦ and ; (b) buck mode for
δ < 0◦; (c) boost mode for δ ≥ 0◦ and (d) boost mode for δ < 0◦.
and for δ < 0◦
δ = −pi
2
+
mpi
2
+
P0
V 2
1
dK2m
(7)
III. SOFT-SWITCHING OPERATION
A. Soft-switching restrictions
This Section contains an analysis of the DAB converter
operation under soft-switching mode considering the
effect of the transformer magnetizing inductance and
the snubber capacitance on the soft-switching region.
Thus, it will be demonstrated that it is possible to op-
erate the converter under soft-switching in its whole
operation range by adequately manipulating the vari-
ables δ and m and designing the high-frequency trans-
former in order to obtain a magnetizing inductance
able to reduce the negative effect of snubber capaci-
tance on the soft-switching region (Kheraluwala et al.,
1992).
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Table 1: Expressions to represent iTx for each interval and operating mode.
δ ≥ 0◦ (0 < θ < δ) (δ < θ < α) (α < θ < pi)
Buck
(KAV1 +KBV2) θ+
+iTx (0)
(KAV1 −KBV2) (θ − δ)+
+iTx (δ)
−KBV2 (θ − α)+
+ iTx (α)
Boost
(KAV1 +KBV2) θ+
+iTx (0)
kAV1 (θ − δ) + iTx (δ)
(KAV1 −K2) (θ − α)+
+iTx (α)
δ < 0◦ (0 < θ < α) (α < θ < pi + δ) (pi + δ < θ < pi)
Buck
(KAV1 −KBV2) θ+
+iTx (0)
(−KBV2) (θ − α) + iTx (α) (KBV2) (θ − (pi − δ))++iTx (pi − δ)
Boost (KAV1) θ + iTx (0)
(KAV1 −KBV2) (θ − α) +
+iTx (α)
(KAV1) (θ − (pi − δ))+
+iTx (pi − δ)
where KA = K1 and KB = K2 for iT1 and KA = K2 and KB = K1 for iT2.
When the converter operates under soft-switching,
the following inequalities must be fulfilled (DeDoncker
et al., 1991):
iT2 (|δ|) > Imin (8)
and
iT1 (pi) > Imin. (9)
where Imin is the minimum current which ensures ZVS
operation; that is the minimum current that ensures
that the voltage across the power transistor (Txx in
Fig. 1) reaches the clamping value Vx at the same time
current reaches zero. In Kheraluwala et al. (1992) it
was determined that this current can be expressed as
Imin[pu] =
2
ωn
√
d (10)
where ωn = ω0/ω, ω = 2pifs, ω0 = 1/
√
LCxx and Cxx
is the snubber capacitance (see Fig. 1). The last ex-
pression was normalized respect to a base value defined
as V1/ (ωL).
Inequalities (8) and (9) determines the soft-
switching limits for bridges B2 and B1, respectively
(DeDoncker et al., 1991; Oggier et al., 2006).
Evaluating (8) and (9) using expressions in Table
1, the restrictions for operation under soft-switching
shown in Table 2 can be obtained for both bridges and
both operation modes, where conditions 1 and 2 rep-
resent iT2 (δ) > Imin and iT1 (pi) > Imin when δ ≥ 0◦,
respectively, and conditions 3 and 4 iT2 (δ) > Imin
and iT1 (pi) > Imin when δ < 0
◦, respectively. These
restrictions determine the limits of the variable δ, as
a function of d, m, K and Imin, and allow determin-
ing the range of output power for which the DAB can
operate under soft-switching.
Figure 3 shows the limits for A and B soft-switching
regions in the plane d as a function of I0[pu] for differ-
ent values of K where
I0 [pu] =
P0
V 2
1
d/ (ωL)
, (11)
yielding
I0 [pu] =
(
δ (2mpi)− 2δ2 + pi2 (m−m2))K2ωL
2pi
.
(12)
In this Figure, area A represents the soft-switching
operation region for δ ≥ 0◦, whereas area B represents
the soft-switching operation region for δ < 0◦. In both
regions the manipulating variables are chosen so that
they fulfill the soft-switching restrictions. Boundaries
between regions A and B are obtained by evaluating
(12) with the restrictions in Table 2 for δ = 0◦ and
m = d, if d < 1 or m = 1/d if d > 1.
By analyzing the expressions given in the Table 2 it
can be concluded that the adopted modulation indexes
for δ = 0◦ are not the only possible values that fulfill
the constraints (8) and (9). It can be demonstrated
by using the current expressions iT1 and iT2 given in
Latin American Applied Research 43:121-129 (2013)
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Table 1 that iT1 (pi) = iT2 (δ) for each K with the pro-
posed modulation index. In other case, one of the cur-
rent at the switching angle is lower than that obtained
with the proposed modulation index, resulting in the
most unfavorable situation to achieve soft-switching
conditions (Bellar et al., 1998).
From this analysis it can be concluded that the mod-
ulation strategy consists of choosing the values of δ and
m that fulfill the restrictions given in Table 2.
B. Design considerations
This section establishes guidelines for sizing the trans-
former magnetizing inductance and snubber capaci-
tance. These guidelines are based on the fact that Cxx
reduces the soft-switching operation region, whereas
the magnetizing inductance tends to increase it (Kher-
aluwala et al., 1992). It suggests that it might be
useful to know the best combination of these two pa-
rameters that guarantees soft-switching conditions in
the whole operation range for both modes.
It can be demonstrated that turn-off losses of the
DAB converter decrease proportionally with Cxx (Og-
gier et al., 2009). Thus, Cxx can be estimated as a
function of the requirements for turn-off losses by using
the following expression derived in McMurray (1980)
Table 2: Restrictions for operation under soft-
switching.
Cnd. Buck Boost
1
δ ≥
Imin [pu]
K2ωL
+
+
pi (K2m− dK1)
2K2
δ ≥
Imin [pu]
K2ωL
+
+
pi (K2 − dK1m)
2K2
2
δ ≥
Imin [pu]
dK2ωL
+
+
pi (dK2 −mK1)
2dK2
δ ≥
Imin [pu]
dK2ωL
+
+
pi (dK2m−K1)
2dK2
3
m ≤
dK1
K2
−
−
2Imin [pu]
K2ωLpi
δ ≥ −
Imin [pu]
K2ωL
+
+
pi (dK1m−K2)
2K2
4
δ ≥ −
Imin [pu]
2dK2ωL
+
+
pi (mK1 − dK2)
2dK2
m ≤
K1
dK2
−
−
2Imin [pu]
dK2ωLpi
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Figure 3: Soft-switching regions as a function of d and
I0[pu] with K as parameter.
A)- Soft-Switching region for δ ≥ 0◦.
B)- Soft-Switching region for δ < 0◦.
POFF =
(
I2P t
2
f
24Cxx
)
fs, (13)
where IP is the magnitude of the current at the begin-
ning of the switching time and tf is the time at which
the current becomes zero. Once selected the value of
Cxx, it must determine the value of K.
To ensure that the converter operates under soft-
switching the current at the switching angles must ex-
ceed a certain minimum value given by (10). In pre-
vious section, it was shown that when the converter
operates within the boundaries of regions A and B,
Fig. 3, the currents iT1 and iT2 at the switching angles
δ and pi reach their minimum values, being the most
unfavorable situation to operate under soft-switching.
Figure 4 shows the magnitude of this current in pu
when the converter operates within the boundaries of
regions A and B (δ = 0◦ and m = d if d < 1 or
m = 1/d if d > 1) as a function of d and K as param-
eter, as it was explained in the previous section. This
Figure shows that for buck mode the magnitude of the
switching current increases linearly with d, whereas for
boost mode it is independent of this value. Thus, it
can be concluded that boost operation mode is more
favorable to optimize the design of the DAB converter.
Figure 4 shows that the switching current increases
when K → 1; this allows increasing the size of snub-
ber capacitance and consequently lead to lower turn-
off losses. On the other hand, from the Eqn. (12) can
be deduced that if K → 1 the maximum output cur-
rent that can be obtained decreases. As a conclusion,
in order to minimize switching losses, the magnetizing
inductance must be maximized up to the value that al-
lows the converter to transfer the maximum required
G.G. OGGIER, G.O. GARCÍA, A.R. OLIVA
125
output power. The maximum value of Lm can be ob-
tained by solving K from (12), when δ = pi/2 and
I0 [pu] = I0max [pu].
After selecting the snubber capacitance from (13),
the value of K can be obtained matching (10) with
the current expressions iT2 (θ) or iT1 (θ) shown in the
Table 1 at the angles δ or pi, respectively, for δ = 0◦
and m = d if d < 1 or m = 1/d if d > 1. Thus, the
following expressions can be obtained:
For buck mode
K =
piωn
√
d
8
− 1
4
(14)
and for boost mode
K =
piωn
8
√
d
− 1
4
. (15)
Finally, a minimum dead-time has to be deter-
mined. This dead-time should be chosen conserva-
tively so as to be grater than the maximum time of
charge/discharge of the snubber capacitante of the
power transistors to avoid cross conduction (Mohan
et al., 2003). To do this, it can be used the following
expression (Kheraluwala et al., 1992)
tdead =
2CxxVx
IP
. (16)
In the next section, simulation and experimental re-
sults to validate the previous analysis are presented.
C. Determination of the modulation index
and phase-shift
In Bai and Mi (2008) it is shown that when using the
CMS a considerable portion of the current is used just
to generate reactive power and not contributing with
the active power flow, resulting in an unnecessary elec-
trical stress on the semiconductor switches and a lower
efficiency, especially under light-load operation.
An algorithm to minimize the reactive power
through the transformer represented by L is proposed
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Figure 4: Minimum current at the switching angles as
a function of d with K as parameter. (δ = 0◦ and
m = d if d < 1 or m = 1/d if d > 1).
in Oggier et al. (2011); the parameter K is consid-
ered infinite. From this analysis the values of δ and m
are obtained as a function of the converter operating
point, d and I0[pu].
The reactive power through L can be defined as
Q =
√
S2 − P 2 (17)
where P is the average active power, that is equal to
zero in a switching period, and S is the apparent power
determined as
S = Vrms ITx rms, (18)
where
Vx rms =
√
1
pi
∫ pi
0
(vT1(θ) − vT2(θ))2dθ (19)
and
ITx rms =
√
1
pi
∫ pi
0
(iTx(θ))2dθ. (20)
Voltages vT1 and vT2 can be deduced from the wave-
forms shown in Fig. 2 to evaluate (19), while the ex-
pressions for current iTx shown in Table 1 can be used
to evaluate (20). For space reasons are not included
here the expressions of reactive power.
Figure 5 shows the calculated level curves for m
that minimize the reactive power as functions of I0[pu]
and d. Thus, the value of m can be determined for
each DAB converter operating point by implementing
a two-input table. Modulation values shown in Fig.
5 correspond to normalized values which are indepen-
dent of the DAB converter parameters.
After determining the value of m, variable δ must
be calculated according to (6) or (7) when the DAB
converter operating point belongs to regions A or B in
Fig. 3, respectively.
IV. RESULTS
In this section simulation and experimental results are
presented to validate the theoretical hypotheses pre-
sented in the previous Sections. Results are presented
only for boost operation mode.
The experimental DAB converter parameters can
be summarized as follow: Maximum output power
P0max = 2kW, switching frequency fs = 20kHz, out-
put voltage V2 = 120V, K = 7.5, Cxx = 1nF
and transformer turns ratio n = 2.5. The power
switches were implemented using IGBTs and the high-
frequency transformer was built using a ferrite core. In
order to simplify the implementation, an external in-
ductor of L = 20µHy was added.
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A. Simulation results
In order to verify the operation of the converter under
soft-switching mode, simulation results on the bound-
ary between regions A and B for the particular case
d = 2 are presented.
Figure 6(a) shows the waveforms of the transformer
terminal voltages vT1 and vT2 and currents iT1 and iT2
referred to one side of the converter. This figure shows
that the currents iT1 and iT2 in the times equivalent
to angles pi and δ are positive. Thus, according to
the analysis realized in the previous section, the DAB
converter operates under soft-switching.
Figure 6(b) shows the waveforms of voltage termi-
nals, vS11, gate voltage, vG11 of the switch S11 and
currents through the power transistor T11 and diode
D11. It can be observed that the transistor turn-on
signal is established when the diode is in conduction
state. When the current crosses zero, turn-on of the
transistor occurs under zero-voltage-switching condi-
tion (Bellar et al., 1998). Figure 6(c) shows the wave-
forms of voltage terminals, vS21, and gate voltage, vG21
of the switch S21 (top) and current waveforms through
the power transistor T11 and diode D11 (bottom), sim-
ilar to Fig. 6(b). These results allow to validate vali-
date the soft-switching operation of both bridges.
B. Experimental results
The DAB topology using the conventional modulation
strategy (CMS) can operate under soft-switching but
only within a reduced range of operation, depending
on the voltage conversion ratio and on the output cur-
rent. This is an important drawback for some appli-
cations that operate most of the time with variable or
low load because the overall efficiency is reduced.
In this paper overall efficiency measurements are
shown in order to demonstrate that by using the NMS
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showing the values of m that minimize the reactive
power in the plane d versus I0[pu]. The solid line cor-
responds to the boundaries of regions A and B.
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Figure 6: Simulation results corresponding to the op-
eration on the boundaries between region A and B of
Fig. 3 for d = 2.
a higher performance is possible, including variable
voltage conversion ratio and different levels of output
power.
Figure 7 show the experimentally measured effi-
ciency versus the converter output power for three dif-
ferent values of the voltage conversion ratio using the
NMS. It can be concluded from these Figures that the
efficiency remains at a high and constant value in the
whole range of the output power.
With the aim of separating switching and conduc-
tion power losses in Figure 8 are shown experimen-
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Figure 7: Efficiency versus the DAB converter out-
put power using the NMS for three different values of
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Figure 8: Experimental waveforms corresponding to
vCE S21 (Ch1), iS21 (Ch2) and the instantaneous
power dissipation (Bottom: 500W/Div) using the
NMS for a voltage conversion ratio d = 1.5 and P0
= 1.5 kW.
tal waveforms of the vCE (Ch1), iSwitch (Ch2) of the
switch S21 and the results of multiplying channel 1
and channel 2 (Bottom), corresponding to instanta-
neous power dissipation, using the NMS for a voltage
conversion ratio d = 1.5 and P0 = 1.5 kW (I0[pu] =
0.7).
In order to contrast previous experimental results
related to conduction losses and switching losses, they
are evaluated using the expressions derived in Oggier
et al. (2009). Figure 9 the results from this evaluation
for conduction losses (solid line) and switching losses
(dashed line) versus the DAB converter output power
using the NMS for three different values of voltage
conversion ratio d = 1.5, 1.75 and 2.0. From these
results it can be graphically calculated that conduction
losses and switching losses are around 60 W and 50
W, respectively, which means that the experimental
results are in close agreement with evaluation results.
Figure 10 and Fig. 11 show the experimental wave-
forms when d = 1.2 and I0[pu] = 0.18 corresponding
to iL (Ch3), vCE (Ch1) and vGate (Ch2) of S11 and
S21, respectively. In these figures can be observed that
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Figure 9: Conduction losses (solid line) and switching
losses (dashed line) versus the DAB converter output
power using the NMS for three different values of volt-
age conversion ratio d = 1.5, 1.75 y 2.0.
Figure 10: Turn-on experimental waveforms corre-
sponding to iL (Ch3), vCE (Ch1) and vGate (Ch3) of
S11.
Figure 11: Turn-on experimental waveforms corre-
sponding to iL (Ch3), vCE (Ch1) and vGate (Ch3) of
S21.
the gate signals are activated when antiparallel diodes
are conducting, corresponding to a ZVS operation.
V. CONCLUSIONS
In this paper the operation under soft-switching mode
of the DAB converter considering the effect of the
transformer magnetizing inductance, LM , and the
Latin American Applied Research 43:121-129 (2013)
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snubber capacitance, Cxx, which have a significant im-
pact on the soft-switching region (Kheraluwala et al.,
1992), was analyzed. From this analysis, the relation-
ships to determine the value of LM and Cxx in order
to allows the operation of the DAB converter under
soft-switching mode in the whole operating range were
obtained. It was proposed that Cxx has be sized ac-
cording to the requirements of turn-off losses and LM
to fulfill the soft-switching constraints. To validate the
analysis, simulation and experimental results were ob-
tained. The experimental results demonstrate that it
is possible to obtain a high efficiency for variable volt-
age conversion ratio of the DAB topology, especially in
applications at which it operates with variable power,
using the proposed strategy.
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